At the present time, transfer and verification standards of transmission coefficient (or, equivalently, transmission loss) are not readily available at high millimetre-wave frequencies (i.e. at frequencies ranging typically from 100 GHz to 300 GHz). In recent years, cross-connected waveguide devices have been proposed to provide calculable standards of transmission loss at these frequencies. This paper investigates the viability of these cross-connected waveguides as transfer standards of transmission for inter-laboratory measurement comparison exercises. This relates to their potential use in activities such as international key comparison exercises and measurement audit programmes. A trial inter-laboratory comparison involving four laboratories using two crossconnected waveguides in the WR-05 waveguide size (covering frequencies from 140 GHz to 220 GHz) is described and includes an analysis of the measurement results obtained during the comparison exercise.
INTRODUCTION
In recent years, there has been a growing interest in the use of frequencies in the higher millimetrewave region of the electromagnetic spectrum (i.e., typically, from 100 GHz to 300 GHz). This interest is being driven by many new developments that are opening up this area of the electromagnetic spectrum for new end-user applications, for example in electronics [1] , communications [2] and security [3] .
With these new applications comes the need for reliable test and measurement of devices and products operating at these frequencies. For high-frequency test and measurement, the Vector Network Analyser (VNA) is one of the most versatile and widely used measuring instruments for electronic component and circuit analysis. The upper operating frequency of commercially available VNAs has increased significantly during the past decade or so. VNAs are now available that operate at all frequencies across the millimetre-wave region (i.e., from 30 GHz to 300 GHz) and into the submillimetre-wave region (i.e., at frequencies above 300 GHz). For frequencies above 100 GHz, rectangular metallic waveguide is usually chosen to provide the VNA test ports. The recommended frequency range for each waveguide size is given in numerous international standards [4] [5] [6] . To provide a VNA for a given waveguide size, a pair of waveguide Extender Heads is needed to enable the VNA to operate over the required range of frequencies [7, 8] . One pair of extender heads is used for each waveguide band that is needed for making the measurements.
With this increase in frequency comes a need for validating the quality of measurements made using VNAs operating at these frequencies. One method that is often used to validate measurement systems at different locations is through the use of measurement Inter-Laboratory Comparison (ILC) exercises. These exercises usually involve circulating a series of pre-determined devices to laboratories wishing to participate in the exercise and comparing and analysing the results obtained by the participating laboratories. However, this pre-supposes the availability of suitable test devices for the ILC. In general, devices used in ILCs need to be physically robust i.e. they must be able to withstand transportation between the various laboratories participating in the ILC. These participants may be situated in different parts of the world. The devices must also exhibit stable performance i.e. the electrical characteristics that will be measured during the ILC must remain essentially the same for the duration of the ILC. This is so that the analysis of the measurement results obtained by the participants in the ILC is relatively straight-forward (i.e. that each participant has measured essentially the same measurands). Finally, the devices need to exhibit measured values that are of interest to the participants and within the measuring capabilities (i.e. dynamic ranges) of the measurement systems used by the participants. In other words, the measured values should be within the range of values that are usually measured by the measurement systems, and, are representative of values of interest to the participants.
One such candidate device for ILCs at these high millimetre-wave frequencies is the so-called crossconnected waveguide [9] . These devices have been used previously at these frequencies as verification standards, to verify calibrations of individual VNA systems [10] . This paper examines the use of cross-connected waveguides as candidate transfer standards in ILC exercises involving transmission measurements made by multiple VNA systems situated at different locations. Two cross-connected waveguides are used in this comparison, both in the WR-05 waveguide size (which operates from 140 GHz to 220 GHz). In this ILC, the devices are each measured separately, then , combined, device). The devicesunder-test (DUT) have been measured by four laboratories two in the United Kingdom (UK), one in Germany, and one in China. The magnitude of the transmission coefficient (i.e. |S21| or |S12|) of these cross-connected waveguides, measured at a series of frequencies across the waveguide band, is used as the measurands for the ILC. The paper presents an analysis of the results from the ILC in order to demonstrate the suitability of these cross-connected waveguides as transfer standards of transmission for ILC exercises, including Key Comparisons organised by regional and international metrology organisations (e.g. BIPM, EURAMET, APMP, etc).
ILC DETAILS

Cross-guide Realisation
A cross-connected waveguide consists of a short section of waveguide that is orientated during connection such that the waveguide aperture is at right-angles to the waveguide apertures on the VNA test ports. The cross-connected waveguide (or - waveguide that is effectively below cut-off and so its loss can be predicted from electromagnetic theory, e.g. using 3-D electromagnetic simulation software. 
Waveguide Interfaces
Many waveguides used at millimetre-wave frequencies are fitted with so-called UG-387 type interfaces [11] , as shown in Figure 2a . However, these interfaces do not perform well, in terms of their ability to align waveguides accurately and repeatedly, at frequencies above 100 GHz. This is because the dimensions of the waveguide aperture (i.e. the aperture width and height) are very small at these frequencies. This has led to modified versions of this interface being developed to improve the alignment of these waveguides so they can be used reliably at frequencies above 100 GHz. One modified version sometimes called the UG-387 interface [12] contains two additional alignment holes situated immediately above and below the waveguide aperture, as shown in Figure 2b . The method of aligning waveguides fitted with precision UG-387 interfaces is to insert precision dowel pins into these two inner holes before making a connection to another precision UG-387 interface. Figure 3 shows a photograph of the two WR-05 cross-guides used for this ILC. Note that, for these devices, the waveguide interface includes two additional inner alignment holes situated on either side of the waveguide aperture. This is so that two precision dowel pins can be inserted into these holes along with the inner alignment holes on the VNA test port interfaces (assuming they are also precision UG-387 interfaces). This provides improved alignment of the lines to the VNA test ports, when the lines are connected in the cross-guide configuration.
Test Devices
In addition to measuring each cross-guide as a separate DUT, the two cross-guides were connected to form DUT. This combination produces a decrease in transmission when compared with the transmission produced when each line is measured on its own. When cascading two cross-guide sections, the correct orientation of each cross-guide is maintained by inserting dowel pins into the two additional inner alignment holes in each of the cross-guide sections, as shown in Figure 3 . No numerical signal averaging (or smoothing) was used. The VNA was calibrated using a TRL calibration scheme [13] . Two precision sections of waveguide manufactured by OML, Inc, were used to establish the VNA test port reference planes.
Participants
(ii) The type of system and set-up used by NPL was similar to that used by NIM. The only difference was that the NPL set-up used two precision sections of waveguide manufactured by Flann Microwave Ltd to form the VNA test port reference planes. Table 1 , which shows that, when taken together, these crossguides provide transmission magnitude values that range from -10 dB to -70 dB. To some extent, this corresponds approximately to the typical range of transmission measurements for passive devices using these types of VNA. Figures 4, 5 and 6, show that, at any given frequency, the measured transmission due to the 1.98 mm cross-guide is not equal to the sum of the measured transmission due to the 0.62 mm and 1.36 mm cross-guides. In fact, the measured transmission of the 1.98 mm cross-guide is always greater than the sum of the measured transmission magnitudes of the 0.62 mm and 1.36 mm crossguides. This is most likely due to the mechanisms that give rise to the loss in transmission for any given cross-guide device. The overall loss for a cross-guide is caused by a combination of loss due to reflection (at the interfaces between the cross-guide and the VNA test port reference planes) and loss due to transmission (as the electromagnetic wave decays evanescently through the cross-guide section which is below cut-off). The loss due to reflection will be similar for any given cross-guide device. Therefore, a cross-guide that has been constructed by joining together two separate sections of cross-guide will exhibit the same loss due to reflection as any single cross-guide device.
So, whereas two single cross-guides will each exhibit a similar amount of loss due to reflection, a cross-guide that is formed by joining together two single cross-guides will still only produce the same loss due to reflection as any other single section of cross-guide. In addition, the inevitable misalignment of the two cascaded sections of cross-guide will contribute to the overall loss produced by the cross-guide sections. For the 1.98 mm cross-guide, the transmission magnitude at frequencies below 180 GHz is approaching the typical noise floor of the measurement systems. This is evident in the increased trace noise in the results obtained from each participant. Also, at some frequencies, a small systematic discontinuity can be seen in the measured transmission. In Figure 6 , this effect is visible at approximately 190 GHz in the measurements from at least two participants. It is believed that this is caused by a cavity resonance, since the guide wavelength at around 190 GHz corresponds to the length of the cross-guide.
The guide wavelength g, is given by:
(1) where 0 is the waveguide cut-off wavelength, which is defined as:
where a is the broad wall dimension of the waveguide.
For WR-05 waveguide, the nominal broad wall dimension is 1.295 mm and so, according to
where c is the speed of light (299 792 show plots of the differences, at each frequency, between each participan nd the calculated mean value.
All differences for the 0.62 mm and 1.36 mm cross-guides (shown in Figures 7 and 8 ) are within 2 dB of the mean values at all frequencies. All differences for the 1.98 mm cross-guide (shown in Figure 9 ) are within 4 dB of the mean values at all frequencies.
ANALYSIS
C
The results shown in the previous section can be further summarised by presenting absolute e) at selected frequencies (i.e. every 20 GHz) across the band. These values are presented in Tables 2 to 4 , along with the mean values (4) to (6):
The combined standard uncertainty in transmission magnitude, u(T), due to the uncertainty contributions determined by equations (4) to (6), is given by [19] : (7) and the expanded uncertainty in transmission magnitude, U(T), is given by:
where k is a coverage factor. Values of U(T) (using k = 2) for each cross-guide are also shown in Tables 5, 6 and 7. A value of k = 2 is chosen to provide a coverage interval at a coverage probability of approximately 95%. (N coverage 20] .)
The values of U(T) given in Tables 5, 6 and 7 can be used to assess the significance of the absolute T 2, 3 and 4. In particular, if, for a given cross-guide at a given frequency, a participant difference from the mean is less than the associated value of U(T), then the difference is not considered to be significant i.e. t e mean value are therefore considered to be equivalent (with respect to the associated expanded uncertainty). I associated value of U(T), then the difference is considered significant and so the and the mean value are not considered to be equivalent. Under these circumstances, the cause for the observed difference should be investigated further. This concept of equivalence is in line with methods given elsewhere [21] for evaluating key comparison measurement data.
Comparing the differences at each frequency in Table 2 with the value of U(T) for the same frequency in Table 5 , it is clear that the differences in the measured values for the 0.62 mm cross-guide are not significant at these selected frequencies measurements can be considered to be equivalent. Similarly, by comparing the differences at each frequency in Table 3 with the value of U(T) for the same frequency in Table 6 , the measured values for the 1.36 mm cross-guide are also considered to be equivalent at these selected frequencies. Finally, comparing the differences at each frequency in Table 4 with the value of U(T) for the same frequency in Table 7, for the 1.98 mm cross-guide are also considered to be equivalent at these selected frequencies. This demonstrates that the measurements made by the participants in this ILC can be considered equivalent with each other at these selected frequencies. However, it should be noted that, at values are likely to be greater than the associated uncertainty in the measurements. Such differences would need to be investigated, on a case by case basis.
Comparing measured with modelled values
A the transmission values for the crossguides, a comparison can also be made between the measured and the modelled transmission magnitude values. This will indicate whether these modelled values for these cross-guides could be useful as reference (i.e. benchmark) values for assessing the quality of the measurements of these devices. The mean measured values, for each cross-guide device, at selected frequencies, are shown in Tables 2, 3 and 4. The modelled values, T, for a realisation of the same cross-guide devices using nominal dimensional values, at the same frequencies, are given in Tables 5, 6 and 7. The differences between these measured and modelled values are shown in Table 8 . For all three cross-guides, at all selected frequencies, these differences are larger than the T 2, 3
and 4). This shows that the difference between the measured performance of a cross-guide and modelled performance, using nominal values for the dimensions, is significant. Therefore, under these circumstances, transmission coefficient values derived from these models are unlikely to be useful as reference values for benchmarking measurements (e.g. in ILC exercises and other validation/verification activities). The reason for the significant discrepancy between measured and modelled values for these cross-guides is likely due to dimensional differences between a physically realised cross-guide and a cross-guide with nominal waveguide dimensions. These dimensional differences will impact the electrical performance of the cross-guide so that the behaviour of the iii. The measurements made by the participants generally showed good agreement, with differences between participants generally being less than the expected expanded uncertainty in the values of transmission generated by the cross-guides at selected frequencies. However, some discrepancies were observed in the results, at some frequencies, and these would require further investigation in a formal ILC exercise; measured values when these types of device are used at these high millimetre-wave frequencies. This is likely due to dimensional differences between a manufactured cross-guide and a cross-guide modelled using nominal dimensions.
In summary, the investigation has shown that cross-guides are suitable for use as transfer standards and verification devices for transmission at high millimetre-wave frequencies. This property demonstrates that cross-guides will be useful for validating the performance of any VNA operating at these frequencies and that cross-guides could be used as transfer standards in formal measurement comparison exercises, as organised by regional and international metrology organisations (e.g. BIPM,
EURAMET, APMP, etc).
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